In general, the aim of acoustic emission-assisted tensile tests of composite materials is to identify and characterize the damage and failure modes of the specimens. This paper presents a fiber-bundle-cells-based statistical model, which provides a possible solution to the problem of characterizing the mechanical and failure behavior of the material. The model, based on the results of mechanical tests and acoustic emission measurements, decomposes the measured acoustic emission event number and tensile force-load time processes into components corresponding to the different damage modes. The acoustic emission events belonging to different failure modes are described by inhomogeneous Poisson point processes, while failures are modeled with the breakage of fibers as elementary parts of the sample. Hence, damage modes can be characterized with the number fraction, and the tensile strength and signal energy distributions of the components. Moreover, the variation of the number fraction of the intact or damaged fibers as a function of the load time can be calculated and depicted as well. As reliability function or a kind of damage map, it reveals the mechanical load-bearing ability of the material tested. The applicability of the model is demonstrated by compact tension testing and the comparison of short and long glass fiber-reinforced VERTON PP sheets and injection molded wood fiber-reinforced PP composites.
Introduction
Nowadays one of the most effective non-destructive structural-mechanical tests is the detection and analysis of acoustic emission (AE) signals in materials subjected to mechanical load. The most important objectives of utilizing AE data are to identify, classify, and characterize the different damage or failure modes that can occur, e.g. in inhomogeneous materials, such as fiberreinforced composites and to qualify the fracture mechanical behavior of materials or the structuralmechanical state of machine parts, or health monitoring, as it is usually called. [1] [2] [3] [4] The AE signal generated by an energy release which is induced by a sudden irreversible local change in mechanically loaded material is a burst type ( Figure 1 ) vibration of 30-600 kHz. The local change is usually crazing or micro-cracking. The vibration can be detected with suitable sensors and converted into an electric signal. [1] [2] [3] [4] The AE signal may be a continuous and/or long damping vibration but its source is usually an external noise. On the other hand, AE of lower frequency (0.1-1.0 kHz) can also be generated by, e.g., the blade tip of axial fans. 5, 6 Similar vibrations can be observed in vehicle parts such as airplane wings or a fuselage. [1] [2] [3] [4] AE signal processing AE signals are detected as a function of time when they exceed a given threshold level ( Figure 1) ; hence, the time domain characteristics of single AE signals (h) are fundamental. Such characteristics are the numerical properties of the waveform, e.g. detection time (t), which is the time of the first threshold crossing, maximum amplitude (a) and the time belonging to that (t 0 ), rise time (T R ¼ t 0 Àt), duration time (T D ), attenuation time (T D ÀT R ), counts (C), which is the number of positive crossings, and signal energy (U þ ), which is the measure of the area under the upper envelope curve (h þ ) of the signal (MARSE) or as the mean square value of the signal. 2, 4 Based on the data of single AE signals, various statistics can be calculated and plotted, such as the number of hits or cumulative energy versus time, amplitude or energy histograms, or counts versus the amplitude cross-plot. 2, 4 To detect the different failure modes (crazing, microcracking in matrix, debonding between fiber and matrix, pullout or break of fiber, micro-buckling, delamination, propagation of macro-crack) in different polymer materials, the simplest and conventional method is to analyze changes in the load-deformation relationship obtained by mechanical test and the time domain AE data such as the number of AE events and the maximum amplitude versus time plot and to compare them to each other and to the amplitude histogram and possibly other descriptive statistics. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] With the help of fast Fourier transformation (FFT), the frequency components of the single AE signals can be characterized by the amplitude or power spectrum in the frequency domain. Their description parameters are the bandwidth (B), the mean frequency (f m ), the frequency of the maximum amplitude component (f P ), and the amplitude (A P ) or energy (U P ) of the maximum peak. Similar parameters can be obtained from the mean spectra of a series of AE signals, and histograms and/or cross-plots can be calculated from the data of single AE signals. 2, 4 Special techniques can provide information in both the time and the frequency domain, resulting in timedependent spectrum statistics. 2, 4 The classic method is the short time FFT (SFFT) technique, which uses a moving time window. In the case of wavelet transformations (WTs), AE signals are analyzed with the help of various wavelet components.
The signal transformations mentioned above provide additional or in itself usable information about the sources and failure modes in the frequency domain [21] [22] [23] [24] [25] [26] or both in the time and the frequency domains. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In the latter case, WTs based on Haar 28 or Gabor 27, 33 wavelet components as well as HilbertHuang transform 30 can be used to decompose the AE signals and calculate the energy of the components. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In the case of thin plates, modal analysis can be applied to study and separate extensional and flexural Lamb waves. 37, 38 The finite element method (FEM) can give a good base for wave discrimination. 38 The localization of a single AE signal in the specimen tested provides information about the sources in the space domain. It can be performed by applying several sensors and making use of the difference between the detection times of single AE hits and the speed of sound in the material tested. 2, 4 Hafizi et al. 33 proposed a signal attenuation-based source mapping instead of sound velocity mapping. From these data, spatial histograms, the damage zone and its development or crack initiation and propagation can be determined and monitored. 31, [39] [40] [41] The sentry function, which is the logarithm of the ratio of the strain energy (determined from the load-displacement plot) and the energy of the AE signal can be applied to study the initiation and growth of the delamination process. 17, 24 Artificial neural network-(ANN) based evaluation could be more effective for source localization 40 or predicting crack length. 41 Another possibility to locate damages and characterize their geometry is provided by the ultrasonic nondestructive testing method using the analysis of the damage-induced anisotropy based on measuring quasi-static indentation 42 or shear wave birefringence. 43 The accuracy of measuring damage size has also been analyzed using different ultrasonic testing modes. 44 Identification, classification and characterization of micro-failure modes
The conventional method for identifying, classifying and characterizing damage modes is to employ descriptors of the AE signal in the time or the frequency domain. The comparison of the variation of mechanical stress, cumulative AE event count, and AE signal amplitudes or energies as a function of the strain or time gives the sequence of dominant amplitudes. With information about the sequence of the micro-failure modes, they can be matched to the dominant amplitude intervals, and the results can be validated by scanning electron microscopy (SEM), which can prove at least the existence of the assumed damage modes 8, 9, 12, 18, 24, 26, 29, 32 as well as light microscopy, 9,11,22,39 X-ray photographs, 7 and infrared thermography. 39 The latter can provide data about the place and nature of the observed damage as well.
Zhuang and Yan 15 identified five damage modes in self-reinforced PE composite laminates with a special layer order and related them to dominant amplitude intervals of detected AE signals. It should be noted that the amplitude ranges of matrix cracking and debonding as well as fiber pull-out and delamination strongly overlapped.
A more correct identification of damage modes can be based on completing AE data with special micromechanical tests, such as pure matrix, single-fiber 23, 27 or fiber bundle tensile tests 9, 13, 16, 35 in order to investigate the fiber pull-out and breakage in single and/or multifiber composite specimens. 22, 23 Using such special specimens made from carbon fibers and an epoxy matrix, Ni and Iwamoto 27 found that the peak frequencies of three failure modes such as matrix cracking, debonding and fiber break fell into separate ranges. On the other hand, testing carbon/epoxy composites, de Groot et al. 21 concluded that on the basis of AE signal frequency bands, matrix cracking and fiber breakage can be separated, although in the case of debonding and fiber pull out, the frequency bands turned out to be interchanged. In addition, Lomov et al. 25 reported that peak frequencies did not correlate with the sequence of observed damage modes, therefore they proposed to use the AE signal energy as the main parameter for distinction.
More advanced methods of the discrimination and classification of single AE signals are based on multivariate statistical analysis, including intelligent pattern recognition techniques. [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Clustering techniques (CTs) such as hierarchical, 51, 54 unsupervised kmeans 47, [49] [50] [51] or fuzzy C-means 51, 52 algorithms and unsupervised waveform clustering 53 are suitable tools for filtering noise 49 and classifying the AE signals based on their numerical descriptors as variables. In order to reduce the number of variables, which can be more than 10-20, principal component analysis (PCA) 45, [50] [51] [52] and Sammon mapping 45 can be used to create new (possibly uncorrelated) variables without losing significant information. Hierarchical clustering does not require fixing the number of clusters but it needs large storage capacity, while unsupervised methods use iteration, therefore in general the number of clusters need not be known. In the latter case, the result of clustering strongly depends on the initial random choice of clusters. Harmony search is a novel meta-heuristic algorithm that can be applied to find proper or possibly optimal centers for clustering, among others. 47, 48 The ANN technique is also suitable for pattern recognition, that is, classifying AE signals. 46 Considering the mechanical nature of damage, the characterization of the identified and classified failure modes and their onset should be based on statistical descriptors of strength properties corresponding to the loading mode applied, such as quasi-static tensile or bending strength, fatigue or fracture mechanical data. Some researchers applied Weibull distribution to describe the strength of single fibers as constituents of the fibrous structures tested. The results of AE signal processing and identification, classification and characterization of micro-failure modes can be applied to the mechanical dimensioning of parts or constructions made of fiber-reinforced materials and also to their structural health monitoring. 4, 19, 30, 36 Despite all the results discussed above, there is a need for an effective deducing procedure that is based on reliable relations between the AE signals and failure modes, which 'is still one of the major challenges' in this field, according to Al-Jumaili et al. 51 
Objectives
This paper presents a statistical fiber-bundle-cells (FBCs)- [55] [56] [57] [58] [59] [60] [61] based novel modeling and evaluating method for classifying and characterizing AE signals, which can manage overlaps in histograms or spectrums by the simultaneous decomposition of the stress-strain curve, the cumulative number of AE events and any cumulative statistics of AE descriptors. The fitted FBC model makes it possible to analyze the mechanical reliability of the material and construct a kind of damage map for characterizing the failure behavior. We demonstrate the applicability of this method by evaluating some tensile tests and AE measurements.
Theoretical considerations Statistical FBCs
The FBC modeling method is based on some idealized statistical fiber bundles called FBCs which can be used as building elements of a model network created by parallel and/or serial connections. [55] [56] [57] [58] [59] Idealized fiber bundles are defined as fiber classes containing fibers of the same geometrical (shape, disposition) and mechanical properties (strain state, gripping by the surroundings) (Figure 2 ). In the simplest case, the fibers are ideally elastic (E) with a linear or non-linear relationship between the strain and load, although they break at a random strain value.
The fibers of an E-bundle are straight and parallel to the direction of the tensile load without any pretension and they are ideally gripped, that is, they do not slip out of the grips. Additional fiber classes can be created if one or more certain ideal properties are lacking. The fibers may be loose or pre-stressed in the EH-bundle and they are oblique in the ET-bundle. In the ES-bundle, the fibers can slip out of the grips or they can create fiber chains with slipping bonds and their damage mode may be breakage or slippage. These properties are combined in the EHS, EHT, EST, and EHST bundles. In general, the shape, position, and strength parameters of fibers are assumed to be independent stochastic variables.
Their weighted parallel connection can provide an FBC model for describing the mechanical behavior of a fibrous sample during a tensile test of constant rate elongation including both the deformation and the damage processes up to the last fiber breakage.
In this paper, a simplified FBC modeling method is used, where E-bundles with a nonlinear tensile characteristic are applied to model and analyze the tensile and AE behavior of polymer composite samples. The damage mode of an E-bundle is the breakage of the single fibers. The tensile force of the E-bundle ( Figure 2 ) as a function of bundle strain creates a stochastic process and its expected value (denoted by E) can be calculated with the following formula 58, 59 E F u; c, b
where F ! 0 and u ! 0 are the bundle force and elongation (or strain), respectively, N is the number of fibers, Q uB is the distribution function of the breaking elongation (u B ) of the fibers, while j I (u), j I (0) ¼ 0, is the tensile characteristic of the single fibers, which is linear in simple cases, while (u) ¼ Nj I (u) is the tensile characteristic of the fiber bundle and parameter vectors c and b denote the parameters of j(u) and Q uB (u), respectively. In equation (1), the tensile characteristic, j(u), describes the failureless behavior of the fibrous structure, while
gives the fraction of the intact fibers at the given load level; hence, it is a kind of reliability function and represents the statistical properties of the damage process.
FBC-based modeling of the AE signal process
Consider a fiber-reinforced composite material, the matrix of which may also contain fillers. A tensile test is performed on some samples of this material with gauge length l 0 under constant rate elongation ( _ u 0 ), and consequently the time (t) and the elongation (u) or strain (") are proportional to each other
where l is the deformed length of the sample and the strain rate, _ " 0 , is defined by equation (3). The tensile force (F) is recorded as a function of the time or elongation.
Flaw populations and properties of AE signals. Let us assume that there are different flaw populations of 1 r<1 types in the material sample before tensile testing, which are potential AE sources. They represent elementary failure modes, such as matrix micro-cracks, filler-matrix or fiber-matrix debonding, fiber pull-out, and fiber breakage that can occur in a possible filled and fiber-reinforced polymer material. Let p i (i ¼ 1,. . .,r; p 1 þ. . .þp r ¼ 1) be the probability that an arbitrary flaw belongs to the ith type population related to the ith (elementary) failure mode. 
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The jth AE signals generated by a ith type flaw during a tensile test and detected as a voltage-time function ( Figure 1 ) can be described in the following mathematical form (0 t)
where ij >0 and ij >0 are the maximum amplitude and the detection (arrival) time, respectively. They are independent stochastic variables, and À1 g i (t) 1 is the signal shape function of unit maximum amplitude belonging to the ith type flaw and it may be confounded by additive random noise. The value of h ij (t) is the threshold level if t ¼ ij or t ¼ ij þ Dij . The distribution functions of detection time and amplitude are Q i and Q i , respectively, and assumed to be dependent on the failure mode (i ¼ 1,. . .,r) only. The peak time 0 ij belongs to the maximum amplitude and its relation to the detection (arrival) time, ij , and the rise time, Rij , is given by (Figure 1 )
where all the AE signal times introduced above are stochastic variables. The AE signal, h ij (t), is a decaying vibration of burst type with finite duration time. In the time domain, the whole resultant stochastic AE process can be given as the sum of the single signals
Consequently, the detected voltage-time process is a realization of h(t). Obviously, two signals in this process may overlap each other, and hence their sum can be detected as a single one with amplified or reduced amplitude compared to that of the addends.
The signal energy (U þ ij ) is defined in Figure 1 (MARSE) as the integral of the signal envelope curve, h þ ij , which is an upper estimation for the integral of the signal absolute value (U ij )
The quantity U ij is proportional ($) to the mechanical energy if voltage (h ij )$stress is true since the time-deformation relation stands. In signal analysis, the signal energy is usually characterized by the integral of the squared signal, which is proportional to the electric energy (U Eij ) dissipated on a conductive resistance
The cumulative AE signal energy in interval (0,t) is characterized by the integral of the squared amplitude process
where U A (t) can be regarded as a kind of signal power and (t) is the unit step function introduced by Heaviside.
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Elementary lifetime and the event number process. Detection time, ij , can be regarded as the lifetime of the volume element that is the source of the given AE signal. The detection time values create a stochastic point or event process on the time axis, where the number of AE events in interval (0,t) denoted by (t) is the sum of its components, i (t) (i¼ 1,. . .,r), corresponding to the failure modes and this process can be expressed as a cumulative step function determined by the detection times ( ij )
Denoting the observed realization of the number events (t) and i (t) (i ¼ 1,. . .,r) by n(t) and n i (t), respectively, we get a similar sum
where t ij is the observed value of ij . The expected value of the process, (t), is a sum as well, which can be approximated with the mean ( " n) of some (!1) observed realizations
According to experiences, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 60 the mean of this point or event/hit process, Ã(t), changes with increasing strain, which is proportional to the time in the case of a tensile test. In general, in most cases these points signify events, which can be treated as an inhomogeneous Poisson process 58, 63 
where the parameter, Ã(t), equals the expected value of (t) and is the integral of the mean point density k(t)
where k i (t) is the point density of i (t). In the case of homogenous processes, all the point densities are constant
Although in general, this does not stand for tensile test measurements of polymers.
Strength characteristics of the failure modes and the event number process. Let N be the expected number of critical flaws that fail independently of each other, causing the ultimate failure of the sample during the tensile test with the given setting parameters and assuming a long enough observational time. In this case, let N i be the number of critical flaws in the ith population (i ¼ 1,. . .,r), which is given by
Supposing that each observed AE signal can be evaluated in every respect within the total observation time, T, yields
where t ij and T Dij are the detection and duration times of the observed AE signal, respectively, and the right side is a realization of the lifetime of the sample. Accordingly, the total number (N) of the detectable AE signals can be approximated with the observed mean number of AE events, obtained by averaging some (!1) measurements
Consequently, the probability that an arbitrary critical flaw is of the ith type can be estimated with the help of their ratio
On the basis of this, it can be supposed that the sample is built up of N elements, each of which contains a single critical flaw. Ultimate failure occurs when the last still intact element fails determining the lifetime () of the sample subjected to the tensile load. Hence, the lifetime of the sample is determined by the element lifetimes, which can be identified with the detection times. Their distribution depends on the failure mode. Thus, the distribution function of the element lifetime, Q i (t), determines the distribution function of a kind of breaking strain (" B ) providing the strength characteristics of the ith failure mode
On the other hand, equation (20) gives what fraction of the volume elements containing the ith type critical flaws failed in the interval (0,t)
where # denotes the number of set elements andQ i is the statistical estimation of Q i . Hence, the expected value of the number of events can be obtained with
assuming that the density functions, q i , exist.
Comparing equations (14) and (22) yields
From the results above, we get
Signal amplitude and energy statistics. Hence, the expected value of the number of AE events is proportional to the weighted sum of the lifetime distribution functions related to the different failure modes. Similarly, the resultant distribution of the signal maximum amplitudes, ij , can be calculated as a weighted sum defining a mixture distribution ( Figure 3 ; a and t are the observed values of ij and ij , respectively)
supposing that the density functions, q i , exist. According to equation (9) , the distribution of energy determined by the squared maximum amplitudes can be calculated from that of the amplitude
The FBC model of deformation and the damage process. Besides the detected AE signals and the event number process, the recorded stress-strain curve has also got a lot of information about not only deformation behavior but the damage process during the tensile test as well. On the basis of the relations discussed above, it can be supposed that the stress-strain curve can be decomposed into components corresponding to the failure modes. It was assumed above that the sample is built up of elements containing critical flaws that fail during the tensile test. The number of such elements is N and the ultimate failure of the sample occurs when the last intact element fails. These elements can be regarded as fibers and the interruption of their tensile force transfer caused by fiber break can model the elementary failure that generates an AE signal. Disregarding the last one, an elementary failure does not cause the total failure of the sample; therefore, these modelfibers are parallelly connected, creating a fiber bundle (Figure 4) . Consequently, with the use of the FBCs modeling method, every flaw population can be modeled with a special fiber bundle corresponding to the nature of damage (e.g. fiber breakage: E-bundle, fiber pull-out: ES-bundle, etc.) and the sample can be considered as the parallel connection of these fiber bundles in which the number fractions of the bundle fibers are equal to those of the failure populations ( Figure 5 ). In this sense, the measured stress-strain curve is a realization of the stochastic tensile force process.
For simplicity, non-linear E-bundles according to equation (1) can be used; therefore, the expected tensile force-load time (the strain or elongation, u, is proportional to the load time, t: u ¼ vt; v is the extension rate) curve, that is, the weighted sum of the components is as follows
where p i and j i are the number fraction and tensile characteristic of the fibers, respectively, corresponding to the volume elements containing critical flaws. In the case of failure, they realize the ith type damage.
Decomposition of the tensile test and AE measurements using the FBC model General case. For the decomposition of the AE number and the tensile force processes, the parameters of the component processes corresponding to the failure modes have to be determined. They can be obtained by minimizing the squared deviation between the measured and model processes based on equations (24), (27) and (25) and/or (26)
where T is the observational time during the tensile test, " n T ð Þ is the measured number of AE events at T, " F t ð Þ is the measured mean tensile force, and we{,U þ ,U,U E ,U A } is the selected energy property, and W is the amplitude or energy limit observed. In some cases, it is worth starting with fitting the tensile characteristics to the initial part of the measured forcetime curve that in the interval [0,T 0 ] (0< T 0 <T:
It should be noted that in general, it may be important to recognize the known sequence of the possible failure modes as a condition for fitting, which can be formulated as a series of relation for the expected value of the life times (or strength)
According to experiences in the literature, 10,14 a similar relationship may be formulated for the expected value of the signal amplitude and energy as well.
The number of independent parameters, I, to be assessed from measurements, may be rather high. In the case of r ¼ 5 different failure modes, this means that I could be larger than 30. Thus, in general, the calculations may need suitable iterative algorithms.
A possible method is firstly to determine the parameters p i and b i (i ¼ 1,. . .,r) from equation (28) with the help of the AE event number information, then c i and d i from equations (29) and (30), respectively. In another case, the parameters p i and c i as preliminary information are obtained from fitting the sum of the weighted tensile characteristics p i i (i ¼ 1,. . .,r) to the initial part of the measured curve with the use of equation (31) . Decomposing the measured force-strain curve and AE event number data with the help of equations (28) and (29) provides parameters b i and a more correct value of p i and c i . Then equation (30) is used for determining parameters d i (i ¼ 1,. . .,r). Finally, all the parameters can be estimated at the same time by minimizing the sum of the three squared deviations after normalizing equation (29) with a possible maximum force value. In general, these calculations are based on iterative procedures at which it is important to use proper initial parameter values and approximate functions for fitting.
Functions for approximation.
A linear combination of a homogeneous linear function and a finite exponential function can be applied to the mathematical form of the tensile characteristics of components. It has only three parameters, yet it can model tensile characteristics with a convex or concave initial part as well (i ¼ 1,. . .,r; t > 0)
where j i (t;c i )!0 hence c 1i , c 3i >0, but c 2i may be negative. The left hand side of equation (33) presents the asymptotic expressions and c 0i is the initial tensile stiffness
When c 2i >0, the initial part of i is concave from below, while c 2i <0 makes it convex. When seeking the optimum according to equation (29) , it can be advantageous to reduce the number of parameters to be determined as follows
where K 1i and K 2i are defined by equation (35) . In general, the damage or failure processes are governed by the minimum properties of the building elements, and hence the Weibull type of two parameters (b 1i > 0, b 2i ! 1) can be used as the distribution function of the lifetime ( ij ) 63
The expected value and standard deviation of this distribution are given by
In a lot of cases, equation (36) can be applied to describe the distribution of the signal amplitude and/ or energy as well.
As a simplified case, it may be assumed that the tensile characteristic by equation (33) is the same for all the model fibers, disregarding which failure modes they belong to. Consequently, parameter vectors c i are identical:
Reliability and damage maps. In the knowledge of the components, some very informative diagrams can be plotted that characterize the reliability and the damage and failure process of the fiber-reinforced or filled sample. The partial weighted sums of the component lifetime distributions (Q i ) show the number fraction of failures of different types detected as AE hits at a given time or time-proportional strain load (k ¼ 1,2,. . .,r)
where B k is the parameter matrix created from parameter vectors b 1 ,. . .,b k . Anyway, Q r (t;B r ) can be considered the distribution of the general lifetime () of the sample. The plot of the curves Q r (t;B r ) determines the time-dependent ranges of the vertical section which gives the number fraction of the failed model fibers at a certain load. A similar plot can be obtained if the partial weighted sums of the component reliability functions (
Hence, R r (t;B r ) is the general reliability function that provides the number fraction of ith-type fibers intact at the given load.
Besides the number of the intact fibers, their resistance force is taken into account as well, as the component tensile force-time relationships are applied as follows (k ¼ 1,. . .,r)
Equation (40) can be normalized with the total sum of the components when k ¼ r. This ratio is the estimation of the fractions of the AE event number in the model, which characterizes the damage modes (k ¼ 1,. . .,r)
The normalization of equation (42) by the resultant tensile force gives the ratio of the tensile force components as a fraction of the resultant force at the current time (strain load). (k ¼ 1,. . .,r)
P Fk characterizes both the current resistance of the sample and the failure process as well because it expresses the tensile force fraction of the fibers intact at the current time.
The curve families create a kind of failure map where the ranges between the curves characterize the participation of the components and the failure processes represented by them. This is vividly descriptive when the curves R k , P Fk or P k (k ¼ 1,. . .,r), providing percentages are used.
Experimental
In order to demonstrate the applicability of the statistical FBCs model, we tested two types of fiber-reinforced polypropylene composites with different failure processes and analyzed the tensile data and the AE measurement, and characterized the reliability and damage modes. The failure process of either composite was gradual and most of the introduced relationships were applied to evaluation, while in the case of the other composite, the ultimate failure was catastrophic and the effect of the coupling agent could be discussed based on FBC modeling and the reliability and damage map results. In all cases, single measurements were decomposed and analyzed based on the expected value of the modeled processes.
Glass fiber-reinforced PP composite
Compact tension (CT) specimens were manufactured from VERTON polypropylene sheets reinforced by $20 m% ($8 V%) short glass fibers (PP/SGF) (produced by ICI Great Britain), according to ASTM Standard D5045 (Standard Test Methods for PlaneStrain Fracture Toughness and Strain Energy Release Rate of Plastic Materials).
14 The length (l) and aspect ratio (l/d) of fibers were 240-600 lm and 20-50, respectively. Tensile tests were carried out on a Zwick 1445 universal tester with a rate of elongation of v ¼ 1 mm/min at an ambient temperature of 22 C. The tensile force (F) and elongation (u ¼ vt) were recorded. AE measurements were performed with Defectophone NEZ-220 (produced by KFKI, Hungary) with a DAE-002 microphone (bandwidth: 20-1000 kHz). 14 The measured AE signals were evaluated after filtering out the background noise and noise caused by the tester and gripping. Figure 6 shows the results of the tensile test and AE measurements, which are the tensile force vs. time (vertical blue dotted line indicates the force peak) and the AE event number vs. time records.
Besides the AE event number, the amplitude and energy values were evaluated in the interval limited by a displacement (u AE ¼ vt AE ) or test time (t AE ¼ 0.7ÁT&1.2 min) value, providing a load where all the failure modes were detected (vertical red dotted line in Figure 6 : t AE ) beyond the tensile force peak for the sake of comparing the ranges including the usual loads. Table 1 contains the measured event number (n)(pcs ¼ pieces) and tensile test (u, F) data belonging to the observation time (T) and the force peak time (t*).
Based on serial microphotographs of crack growth during loading and AE signal analysis at different loads, as well as SEM micrographs taken of the fracture surface, four possible damage modes were identified and chronologically ordered: local matrix deformation and damage (craze and microcrack), fiber-matrix debonding, fiber pullout, and fiber breakage. 10, 14 Because of the short fibers, the damage modes of small energy release (matrix damage, debonding) dominated the failure process and the AE signals were of larger amplitude and energy indicating damage modes connected to fibers (pull-out, breakage) ( Figure 7) .
Consequently, the four damage modes listed above were considered significant to model for both composites tested (r ¼ 4), which were denoted by D1,. . .,D4.
Nonlinear tensile characteristics by equations (33) to (35) were used for the force components since the initial part of the measured force vs. time curves (Figure 6 ) is convex from below.
The parameters of the components (Table 2) were determined from fitting their weighted sum to the measurements. Fitting was carried out in the following steps:
(1) Minimizing equation (31) provided the preliminary values of parameters p i , c 3i , and
. .,r) of the component tensile force-time relations (see equation (41)). These parameters were used as initial values in the sequence. The results of the decomposition of the AE event number (n) and the tensile force (F) vs. time (t) processes can be seen in Figure 8 . Table 2 shows the component parameters of the event number and the tensile characteristic obtained from fitting where n 1 and p 1 are the asymptotic values of the event number and the failure type fraction, respectively. The relative mean squared error (MSE) related to the maximum of the measured value was less than 4.3% in every case regarding both the event number (MSE(n)) and the tensile force (MSE(F)). Table 3 contains some special values of the event number and the fraction of the failure modes calculated for the duration of measuring (T) and analyzing the AE signal amplitude and energy (t AE ¼ 0.7ÁT). It also shows the descriptive statistics of the lifetime ( i ) characterizing the different failure modes (E: expected value, D: standard deviation, V: relative standard deviation) and that the expected lifetime values (E( i )) of the components satisfy the condition according to equation (32) . Finally, t qi * is the lifetime value belonging to the peak of the density function of i .
The decomposition results make it possible to calculate the reliability and failure mode characteristics according to equations (41) to (44) . Figure 9 shows the fraction of the AE events according to equation (43) belonging to the four damage modes (D1,. . .,D4) at different load times. The vertical dotted blue and red lines indicate the time of the peak force (t*) and the upper limit (t AE ) of the duration of detecting the signal amplitude and energy, respectively. Figure 10 (a) shows the calculated fractions of the AE events given by equation (43) belonging to the four damage modes (D1,. . .,D4) at different load times, while Figure 10(b) shows the fractions of the component and resultant force resistances according to equation (44) provided by the intact model fibers belonging to the different damage modes.
It is observable in Figure 10 that although the damage of fibers of D1 and D2 types (matrix failures and debonding) lasts during the test (Figure 10(a) ), their resistance becomes essentially negligible beyond the peak time related to that of fibers of D3 and D4 types representing the slippage and breakage of fibers (Figure 10(b) ).
Probability distributions of signal amplitude and energy are characterized by the frequency histograms in Figure 11 measured up to the time t AE ¼ 0.7ÁT (beyond the force peak) and the probability density function of the fitted components in Figure 12 .
The parameters and calculated properties of the component and fitted resultant distribution are contained in Table 4 . Fitting could be carried out with small relative mean squared error (MSE<2.3%) and according to the khi-squared test, the agreement between the measured and modeled histograms is highly acceptable (amplitude: p-value ¼ 0.411, energy: p-value ¼ 0.810) (Figures 11 and 12 ). It should be noted that the expected values of both the amplitude (E(A i )) and the energy (E(U i )) (Table 4) satisfy the condition similar to equation (32) , that is, E(X i )<E(X iþ1 ) (X ¼ A or U; i ¼ 1,2,3) or in other words, a larger expected failure energy belongs to larger expected lifetime.
Wood fiber reinforced PP composites
Dumbbell composite specimens (cross section area: 4 mm Â 10 mm ¼ 40 mm 2 ) were prepared with an Arburg 420 C Advance 1000-250 injection molding machine from PP/wood fiber (PP/WF) blends produced with a Brabender Plasticorder twin-screw extruder. 60 The polypropylene was Tipplen H-116 homopolymer (TVK, Hungary, density: q ¼ 0.9 g/cm 3 ) and the wood fiber was obtained from sawmill waste of beech wood (Furne´r Mu 00 vek Kft., Budapest, Hungary) with the use of a sieve shaking machine. The wood particles (dried at 105 o C for 24 h) were a longish bundle of elementary fibers the size of which was less than 1 mm (dominant length class: 0.4-0.6 mm, density q $ 0.8 g/cm 3 ). After manufacturing, the dominant length class of wood fibers was reduced to 0.15-0.20 mm. PPgMA (Licomont AR 504 FG, Clariant, Germany; q ¼ 0.91 g/cm 3 ) was used as coupling agent. The composition of the specimens used for testing is shown in Table 5 .
Tensile tests according to the ISO 527 Standard were carried out with a Zwick Z005 universal tester at a rate of elongation v ¼ 20 mm/min and gauge length l 0 ¼ 115 and ambient temperature T ¼ 22 o C. 60 Elongation was measured in the middle of the samples with a Zwick BW 40220 video-extensometer. AE measurements were performed with a Sensophone AED 40/12 (Gereb & Co Ltd, Hungary) with a Micro 30S piezoelectric sensor (Physical Acoustic Corporation, USA). The bandwidth and threshold were 100-600 kHz and 26 dB, respectively.
By contrast to the PP/glass fiber (PP/SGF) composite (Chapter 3.1), the PP/wood fiber (PP/WF) composite samples broke suddenly during the measurements. Figure 13 shows some typical measurement results for the composites in Table 5 . Table 6 shows some characteristic values of the tensile force (F), elongation (u) and AE event number (n)(pcs ¼ pieces) measured at the end of the observation time (T) and at the time t* belonging to the force peak.
In this case, the number of the components representing different damage modes was five (r ¼ 5) because the expected value process of the FBC model used represents continuous damage and the measured tensile force vs. time curves with a broken end indicating a sudden fracture need a closing part realized by the fifth component (Figures 14 and 15) .
Otherwise, linear tensile characteristics were used for the force components (c 1i >0, c 2i ¼ c 3i ¼ 0, i ¼ 1,. . .,5 in equation (33) ) since the initial part of the force-time curves could be approximated with a homogeneous linear relationship.
The relative mean squared error of the FBC model fitting was less than 1.7% in three cases (Table 7) , while it was $4% in the fourth case, where the AE event number increased suddenly at the end of measurement, closed by a sudden breakage, which was not modeled since it was just a single phenomenon to be averaged for the expected value model used (Figure 15(a) ).
The expected lifetime values of the model component (E( i )) create strictly monotonic series corresponding to the requirement by equation (32) ( Table 8 ).
The comparison of the mechanical behavior of the two composites is performed by calculating the components and the resultant of the reliability functions ( Figure 16 ) and weighted resistant forces (Figure 17) . The vertical dotted black lines in Figures 16 and 17 indicate the peak value of the measured tensile force (t*). In the composite sample without a coupling agent (Figure 16(a) ), at lower loads, the matrix damages (D11) and debonding (D12) determine the damage process, then the reliability, which is the number of the intact elements (model fibers), quickly decreases, while at higher load, the slippage (D13) and breakage (D14) of fibers dominate before the ultimate failure. As opposed to that, in the case of the composite treated with a coupling agent (Figure 16(b) ), fiber-based damage (D23-D25) governs the whole deformation and damage process producing far higher reliability. Figure 17 shows the variation of the component fraction of the AE event numbers as a function of load time according to equation (43) , confirming the statements above.
The component fraction of the AE event number can also show in itself the difference in the mechanical behavior of the two composites since, as Figure 17 indicates, in the case of the composite without a coupling agent (Figure 17(a) ), there are four significant damage modes (D11-D14) before the force peak, while the use of this agent ( Figure 17(b) ) decreases the number to three (D21-D23), although in the latter case the third damage mode (D23) dominates the AE event process around the force peak.
In both cases, the fifth component (D15, D25) modeling the ultimate failure of the remaining intact part of the sample plays a virtual role appearing beyond the force peak only.
Conclusions
In general, the main objective of AE-assisted mechanical tests is to identify and determine the strength properties of the different failure modes characterizing the material and the loading mode.
The presented FBC-based modeling method can evaluate a simultaneous tensile test and AE measurements. It makes it possible to decompose the measured tensile force and AE event number processes and to determine the number fraction of the components obtained and the distributions of their strength, that is, the load levels where the micro-failures occur, and the amplitude and energy of the AE signals generated by the micro-failures. In addition, the number fraction of the AE events generated by different failure modes can be calculated as a function of the load time, providing a failure map characterizing the mechanical behavior and the load bearing ability of the material tested.
All this was demonstrated by the CT testing of short fiber-reinforced VERTON PP sheets as well as injection molded wood fiber-reinforced PP composites, without and with a coupling agent and the results proved the applicability of the FBC modeling and evaluation method proposed. The reliability functions and the failure maps seem to give important and comprehensive information on the mechanical behavior and the damage process of the samples subjected to tensile load.
Evaluation can be improved with the use of multivariate statistical methods, such as cluster analysis, to assess the number of significant damage modes without performing structural investigation on the samples at different tensile loads or after fracture.
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